Abstract -This report describes the application of 500-MHz 1H-NMR spectroscopy for the determination of the primary structures of the carbohydrate chains of glycoproteins. For this purpose partial structures, i.e. , glycopeptides, oligosaccharides or oligosaccharide-alditols, of the biopolymers were investigated. The spectra, recorded in deuteriumoxide at ambient temperature, contain easily accessible information suitable for the elucidation of primary structures of virtually pure compounds as well as for the analysis of mixtures of closely related components. The key to this information is found in the resonances of the so-called structural reporter groups which are the signals of individually resonating protons. The chemical shifts and coupling constants of the structural reporter groups and the line widths of their resonances are the characteristic parameters which reflect the sugar composition and substitution pattern of the constituting monosaccharides. The suitability of this approach is illustrated for a wide variety of carbohydrate chains. With regard to the N-glycosidically linked type of chains the asialo afuco N-acetyllactosaminic mono-, hi-, tn-and tetra-antennary structures were studied, as well as several of their analogues terminated with different types of sialic acid or fucose residues.
INTRODUCTION
During the last decade the interest in the structure and function of glycoproteins increased greatly. It could be shown that the carbohydrate chains of these biopolymers are involved in several important biochemical processes. In particular their roles in recognition phenomena, in immunological events and in determining the life-span of cells and glycoproteins have to be mentioned. Significant progress has been made in the characterization of the primary structures of the carbohydrate chains. This holds for the chains N-glycosidically linked to asparagine, as well as for the O-glycosidically linked moieties which may be attached to serine, threonine or hydroxylysine. The refinement of enzymic methods and chemical techniques, like permethylation analysis, for the structure determination contributed to a large extent to these results. Nevertheless, the classical approach has several disadvantages and shortcomings as pointed out before (Ref. 1). Especially it is highly time and material consuming and has severe limitations in the analysis of mixtures of closely related compounds. It should be noted that the structure analysis is carried out at the level of partial structures like çjlycopeptides, oligosaccharides and oligosaccharide-alditols. It is the (micro-)heterogeneity of a single carbohydrate chain of the glycoprotein which may give rise to a mixture of partial structures difficult to fractionate. 1 In 1977 we introduced the application of high-resolution H-NMR spectroscopy as a new approach for the structure elucidation of underivatized carbohydrate chains obtained from qlycoproteins. First of all the 1H-NMR spectrum of the compound provides us with a structural PAAC 53:1 -D JOF[ANNES F. G. VLIEGENTHART, HERMAN VAN FIALBEEK and LANBERTUS DORLAND identity card which, even if the spectrum can not be interpreted, renders possible comparison with the spectra obtained from other sources, allowing the conclusion whether or not compounds are identical. The relative intensities of the signals in the NMR spectrum can be used as markers for the purity of the compound. Often it can be deduced from the spectrum whether or not the sample consists of more than one carbohydrate structure and in which molar ratios the components occur. It could be shown that 360-MHz 1H-NMR spectroscopy in conjunction with methylation analysis is excellently suited for elucidation of the primary structures of N-or O-glycosidically linked carbohydrate chains of glycoproteins (Ref. 1 -17) . For the interpretation of the NMR spectrum the concept of structural reporter groups was developed (Ref. 1) , i.e. , the chemical shifts and coupling constants of protons resonating at clearly distinguishable positions in the spectrum bear the essential information to assign the primary structure. Recently a 500-MHz 1H-NMR spectrometer became available for our studies, concomitant with a generally applicable computer resolution enhancement routine (Ref. 18 ). The increased sensitivity of this spectrometer system with respect to the 360-MHz apparatus affords spectra with a more favourable signal to noise ratio. Therefore the gain in spectral resolution, inherent to the stronger magnetic field, can be optimally utilized in Lorentzian to Gaussian transformation. As could be demonstrated, also the line widths of the structural reporter group signals can in several cases be used to derive pertinent information on primary structures (Ref. 18) . In this report the 500-MHz 'H-NMR spectra of some N-and O-glycosidically linked carbohydrate chains will be discussed in detail.
RESULTS AND DISCUSSION

N-acetyllactosamine type glycopeptides and oligosaccharides derived from N-glycoproteins
The best defined asialo representatives of the N-acetyllactosamine type asparagine-bound carbohydrate chains of glycoproteins are shown in Fig. 1 . carbohydrate units of N-type glycoproteins. An additional Fuc residue may be attached in an a(1-*6) linkage to GlcNAc-1. In sialylated analogues of these chains one or more NeuAc residues occur a(2--3) and/or a(2±6) linked to Gal residues.
The core structure, i.e., the trimannosyl-N,N'-diacetylchitobiose moiety, is virtually invariant. In all glycopeptide samples derived from N-glycoproteins we observed this intact core, which is in agreement with the biosynthetic pathway for these compounds (Ref. 9 -23) .
The asialo afuco bi-antennary compound (class A) can be conceived as a basic element of this type of carbohydrate chain. The 1H-NMR spectral features of this compound can be used for the interpretation of more complex structures. The overall 500-MHz 'H-NMR spectrum of such a glycopeptide, compound 1, together with the essential assignments, is given in Fig. 2 . The chemical shifts of its structural reporter groups, Viz, the anomeric protons, the Man 8-2's and the N-actyl group protons, are compiled in Table 1 . In comparison to the earlier published 360-MHz H-NMR spectrum of this glycopeptide (Ref. 3 & 8) the resolution enhanced 500-MHz 1H-NMR spectrum reveals a large improvement. This can be clearly illustrated by the expanded structural reporter group regions and detailed assignments presented in Fig. 3 . The resonance pattern of the three Man H-2's is as a whole characteristic for the bi-antennary type of glycopeptide (cf. Fig. 16 ), whereas the individual patterns contain the information on the n-or 8-linkages of the Man residues (Ref. 18) . The H-i doublets of the terminal Gal A.A. = amino acid protons. residues and 6'are well separated and could be assigned (see Fig. 3 and Table 1 ) . It should be noted that their line widths are relatively small, which is in accordance with the expected mobility of terminal residues. The anomeric signals of the more internally located residues show broader lines. However, some variation exists, probably reflecting more or less segmental motion of the chain. The line widths of the N-acetyl signals of the core GlcNAc residues and 2 are larger than those of the peripheral GlcNAc residues 5 and 5'. Addition of twoNeuAc residues a(2-)-6) linked to Gal-6 and -6' of compound!, respectively, affords compound 2. The structure of this glycopeptide is depicted in Fig. 4 , together with the structural reporter group regions of its 500-MHz 'H-NMR spectrum. The relevant NMR parameters of compound 2 are given in Table 1 . New structural reporter groups are the H-3ax and H-3eq of NeuAc. The resonances of the H-3ax's of both residues coincide whereas those of the H-3eq's are well seperated. The assignment of the latter signals was carried out on the basis of the NMR spectrum of an enzymically prepared monosialo bi-antennary glycopeptide Ijiaving the NeuAc residue ci(2-*6) linked to . It is confirmed by the 500-MHz H-NMR spectrum of a sialo bi-antennary glycopeptide mixture, the main component of which bears one NeuAc a(26) linked to Gal-6 and another one ci(2-l-3) linked to Gal-6' (Ref. 10 & 18) . Furthermore, in the spectrum of compound 2 two relatively sharp N-acetyl singlets are observed at 6 = 2.028 ppm and 6 = 2.029 ppm belonging to the two NeuAc residues. Owing to the attachment of NeuAc in ci(2--6) linkage to Gal-6 and -6' their anomeric proton signals undergo identical upfield shifts, viz. A6 = -0.025 ppm. The influence of cs(2+6) linked NeuAc upon the chemical shifts of the anomeric protons of GlcNAc-5 and -5' and of Man-4 and -4' has been discussed in full detail earlier (Ref. 1, 5 & 13) . Comparison of the N-acetyl regions of the spectra of this compound and the foregoing shows that the signals of GlcNAc-5 and -5' are shifted downfield and considerably broadened, which is typical for the introduction of a(2--6) linked NeuAc residues.
The NMR analysis of reducing oligosaccharides is highly relevant since they can occur in urine and other body fluids of patients with inborn errors of glycoconjugate metabolism (see e.g., Ref. 24) . However, investigation of such substances is more difficult than that of glycopeptides because in fact mixtures of compounds have to be studied. This will be illustrated for compounds related to the N-glycosidically linked type of carbohydrate chains. The mixtures of oligosaccharides secreted by the aforementioned patients contain i.a. compounds ending on GlcNAc-2, which are formed through the action of an endo-N-acetyl--D--hexosaminidase. In these substances wherein GlcNAc-2 is substituted at C-4, under the applied NMR measuring conditions an approximately constant ratio of its a-and 8-pyranoses is found regardless the length of the carbohydrate chain, Viz. a : = 2 : 1. By consequence the NMR spectrum of such an oligosaccharide is a superposition of the subspectra of its two amomers containing GlcNAc-2 in the a-and -pyranose forms, respectively. Structural reporter group regions of the resolution enhanced 500-MHz 1H-NMR spectrum of compound ! together with its structure. The numbers in the spectrum refer to the corresponding residues in the structure. The relative intensity of the N-acetyl proton region differs from that of the other parts of the spectrum as indicated. Lys H- Fig. 4 . 1Structural reporter group regions 6f the resolution enhanced 500-MHz H-NNR spectrum of compound 2, together with its structure. The numbers in the spectrum refer to the corresponding residues in the structure. The relative intensity of the N-acetyl proton region differs from that of the other parts of the spectrum as indicated. The signals of relatively low intensity, marked by a , point to the presence of small amount of partially and/or complete asialo analogues of compound 2 in the sample. The structure of compound 3, the oligosaccharide analogue of the asialo bi-antennary glycopeptide 1, together with relevant regions of its 500-MHz iH_NMR spectrum, is shown in Fig. 5 . The chemical shifts of the structural reporter groups of 3 are compiled in Table 2 . The effect of anomerization is most clearly recognizable from the structural reporter group signals of GlcNAc-2 (6 H-in = 5.212 ppm; 6 H-is = 4.721 ppm; 6 NAca = 2.060 ppm and 6 NAC8 = 2.057 ppm; intensity ratio of the signals a : = 2 : 1). However, this effect is not limited to the reducing end sugar; it is also observable for more remote residues. The rough pattern of the Man H-i and H-2 signals points to a bi-antennary type of structure (cf. Fig. 16 ). The chemical shifts of H-i and H-2 of Man-3 in the 13-anomer of the oligosaccharide 3 are essentially identical to those of the corresponding protons in the glycopeptide 1. The H-i signal is accompanied by a resonance 0.01 ppm downfield, with similar shape and twice the intensity, belonging to H-i of Man-3 in the oligosaccharide's ct-anomer. The same feature exists for the H-2 of Man-3. For H-i of Man-4' two well separated doublets occur which are assigned on the basis of their relative intensities (Fig 5) The H-i doublet of the 6-anomer of GlcNAc-2 is partially hidden under the HOD-line at 300 K. Therefore its s-value can not be d&Eermined more accurately (+ 0.01 ppm).
Note ¶: If fora certain proton LoS(a6) 0.001 ppm, only an average s-value has been listed in this and other tables in this paper, since such a difference in chemical shift due to anomerization, if any, is not detectable at 500 MHz, unless the signal's lines are extremely sharp. chemical shifts of H-i of Man-4' in the n-and s-forms of the reducing oligosaccharide 3 (Table 2) shows that the signal belonging to the s-form is found at lower field than that of the ct-form. Also for Man-4 anomerization gives rise to two signals for H-i, but in reversed order as compared to Man-4'. The IA6(a-) effect upon H-i of Man-4 is less outspoken than on H-i of Man-4', and somewhat masked by the broader lines. The difference in line width between Man-4 and Man-Li' anomeric proton signals can also be observed for the corresponding H-2 signals.For the G1cNAc-5 and -5' anomeric protons a relatively complex set of signals is obtained (Fig. 5) , needing further study for detailed interpretation. With regard to their JV-acetyl signals only a doubling of the singlet of G1cNAc-5' is observed due to anomerization. Concerning the anomeric proton signals of the Galresidues in 3 it has to be noted that three doublets occur with relative intensities of 1:2:3. The highest doublet belongs to H-i of Gal-6. Its chemical shift is unaltered with respect to the glycopeptide i. The chemical shift of the lowest doublet matches exactly that of H-i of Gal-6' in the glycopeptide i, therefore leaving the remaining signal to H-i of Gal-6'in the ct-form of the oligosaccharide 3. In general the reporter groups of the lower branch residues, i.e.,4', 5 and 6, appear to be more sensitive to anomerization of the oligosaccharide than those of the upper branch residues. Furthermore, the closer a residue is to the reducing end, the greater are the absolute differences between the chemical shifts of its (reporter group) protons, comparing 0-and -anomer of the compound. The reporter groups of residues 3 to 6/6' of the -anomer of oligosaccharide 3 have identical chemical shifts as in glycopeptidel, wherein GlcNAc-2 is s-linked to G1cNAc-1. Obviously for G1cNAc-2 the situation is completely different. Compound is the bisialo analogue of oligosaccharide 3, bearing two n(26) linked NeuAc residues. The structure of compound 4 and the reporter group regions of its 500-MHz 'H-NMR spectrum are depicted in Fig. 6 . Relevant NMR parameters of oligosaccharide 4 are summarized in Table 2 . Essentially the NMR features of NeuAc and the influences of NeuAc on the chemical shifts of structural reporter groups of other residues are identical to those described above (cf. compound 2) . However, with regard to the NeuAc residues, a small difference in chemical shift between the H-3ax's of the upper and lower branch residue exists. Furthermore, the H-3eq of the lower branch NeuAc gives rise to a doublet of doublets with broader lines than that of the upper branch NeuAc, whereas both NeuAc N-acetyl signals coincide. Anomerization of oligosaccharide 4 does not give rise to doubling of any of the structural reporter group signals of NeuAc. The difference between the chemical shifts of H-i of Man-4 in the a-and s-form of the oligosaccharide is reduced in comparison to compound 3; the same holds for H-i of Man-4' (see Table 2 , and Footnote ¶ at that place). To demonstrate the potency of high-resolution 1H-NMR spectroscopy to analyzing complex mixtures of closely related compounds, the spectral data of a mixture of two reducing oligosaccharides, compounds 5 and 6, in a ratio 55:45, respectively, will be discussed. For the structures of these compounds and the 500-MHz 1H-NMR spectrum of the mixture see Fig. 7 . The NMR parameters of the structural reporter groups of oligosaccharides 5 and 6 are summarized in Table 2 . Comparison of the data of this mixture of bi-antennary oligosacchari--des with those of compounds 3 and 4 (Table 2) shows that for both the upper and lower branch the ci(26)-sialo and the asialo form occur. The conclusion that a mixture of monosialo bi-antennary structures is involved rather than a mixture of a bisialo (4) and an asialo (3) oligosaccharide is based i.a. on the absence of signals of H-i of Man-3 at = 4.775 ppm and = 4.765 ppm (see compound 3, Table 2 ). It should be noted that for the interpretation of the NMR spectrum of a mixture the relative intensities of the signals are helpful, as in this case in particular those of the H-3ax and also of the H-3eq signals of the NeuAc residues. It is evident that a i:i mixjure is more difficult to analyze by NMR. Sialic acid also occurs in a(2--3) linkage to Gal in oligosaccharides of the N-acetyllactosamine type,as for example in compound 7, the structure and 500-MHz H-NMR spectrum of which are given in Fig. 8 . The NMR parameters of the structural reporter groups of 7 are given in Table 2 . As reported previously (Ref. 1, 5, 7, 10, 13 & 14) this type of NeuAc linkage to Gal is characterized by its own set of chemical shifts of the H-3s of NeuAc. The H-3eq resonances of both NeuAc residues in 7 coincide but those of the H-3ax's are separated. In this bi-antennary oligosaccharide the N-acetyl methyl protons of an ct(2--3) linked NeuAc residue resonate at the same frequency as those of an a(2÷6) linked residue ( Table 2 ). The N-acetyl signals of G1cNAc-5 and 5' shift slightly upfield upon substitution of both Gal-6 and -6' at C-3 by a NeuAc residue (cf. Table   2 ). NeuAc' (6) NeuAc (5) e)3 (5) 4(5) 4)5) Ui Ui 
". Tables 1 and 2 ). Interestingly the signal of H-3 of Man-4 becomes well resolved from the bulk upon the introduction of the third branch. This proton can be conceived as a new structural reporter group. In the NMR spectrum of oligosaccharide 9 the signal of H-3 of Man-4 is doubled with intensities in the anomeric ratio (cf. Fig. 16 ). The assignment of the remaining structural reporter groups (see Figs. 9 and 11) has been reported earlier (Ref. 10 . The structure and 500-MHz H-NMR spectrum of the latter compound are presented in Fig. 10 ; its relevant NMR data are summarized in Table 3 . In comparison to the bi-n(2-6)-sialo bi-antennary glycopeptide 4, an additional set of H-3 signals of NeuAc is observed in the spectrum of 10 ( H-3ax = 1.706 ppm; H-3eq = 2.670 ppm), which is typical for NeuAc m(2--6) linked to Gal-S (indicated as NeuAc* in Table 3 and Fig. 10 ) . The influences of this NeuAc residue on the chemical shifts of the structural reporter groups of Gal-B and G1cNAc-7 are analogous to the effects described for NeuAc n(2-6) linked to Gal-6 or _6T
(vide thpra). In particular the shift increment (M = 0.026 ppm; Table 3 ) and the line broadening of the N-acetyl signal of GlcNAc-7 are highly characteristic. However, there is no effect of NeuAc a(2- Table 2 ) . The N-acetyl region of the spectrum has now been interpreted in full detail (see Fig. 12 ) . The shift increments observed for the N-acetyl signals of G1cNAc-5 and -5' in the step from compound 3 to 4 (see Table 2) are similar to those in the step from compound 9 to ii or 12 ( Table 4 ) . The NeuAc* ct(2±3) linked to Gal-8 in compound ii introduces an upfield shift for the N-acetyl signal of G1cNAc-7 in comparison to the asialo tri-antennary oligosaccharide 9 (cf. the N-acetyl signalsof G1cNAc-5 and -5' in the step from compound 3 to 7, Table 2 , vide supra) . The NeuAc* residue n(2-6) linked to Gal-8, which occurs in the minor component 12, can be recognized from its set of H-3 chemical shifts together with the chemical shifts of the JV-acetyl methyl protons of G1cNAc-7 ( = 2.102 ppm) (cf. compound 10, Table 3 ) . Finally it is worth mentioning that the N-acetyl protons of this a(2-+6) linked NeuAc* residue resonate at = 2.028 ppm, whereas the N-acetyl signals of all other NeuAc residues of ii and 12 are found at = 2.030 ppm.
In many N-acetyllactosamine type carbohydrate chains, N-glycosidically linked to the peptide backbone, one or more Fuc's may occur as terminal residues. As reported previously (Ref. 1 & 14) each of such Fuc residues has in general three structural reporter groups Viz. its H-i, H-5 and H-6's. The set of their chemical shifts together with the coupling constant 1 2 are indicative of the type of linkage of Fuc and of the nature and environment of the monosaccharide residue to which Fuc is attached. In case a Fuc residue is linked to the trimannosyl-NN'-diacetylchitobiose core, solid evidence only exists for an m(l-"6) linkage to GlcNAc-1 (cf. Ref. 2). Compound 13 contains this structural element. Its structure and 500-MHz 1H:NMR spectrum are given in Fig. 13 . The chemical shifts of the structural reporter groups of compound i3 are summarized in Table 5 . The interpretation of the 360-MHz 1H-NMR spectrum of this glycopeptide has been reported earlier (Ref. 6) . Especially the effects of introduction of Fuc a(i-'6) linked to G1cNAc-1 upon the chemical shifts of the structural reporter groups of GlcNAc-2 have to be emphasized (cf. compound 1, Table 1 ). The chemical shifts of H-i and H-2 of Man-3 are characteristic for a mono-m(1'6) substitution of this residue.
Another well defined type of Fuc linkage is the a(i-)'3) attachment to a peripheral GlcNAc residue. Earlier we have described the 360-MHz 1H-NMR characteristics of such a structural element occurring in a partially degraded glycopeptide, compound 14 (Ref. 6 ). Upon reconsideration of this sample with 500-MHz 1H-NMR spectroscopy it appeared to be a mixture of at least three structurally related compounds viz. 14, 15 and 16 in a ratio 6:1:1. The structures of these glycopeptides and the 500-MHz iH_NMR spectrum of the mixture are depicted in Fig. 14 . The NMR data of 14, iS and 16 are compared in Table 5 . Inspection of the Fuc CH region of the spectrum shows that the signals at that place can be divided into four doubles b Values can not be determined more accurately (-i-0.01 ppm) due to interference of the relatively broad HOD-line in the spectrum of the mixture of compounds II and 12. (ii) (12) (U'S. Table  4 has no influence on the chemical shift of H-i of this G1cNAc but the lines of the signal are considerably broadened. Furthermore, the N-acetyl singlet of G1cNAc-5' undergoes a significant upfield shift (see Table 5 ). The anomeric signals of the adjacent residues Man-4' and Gal-6' also shift upfield. Table   5 ). The One Table 5 ) . The 500-MHz 1H-NMR analysts of this glycopeptide mixture has provided i.a. the NMR parameters for Fuc n(i-2) linked to Gal in an N-glycosidically linked carbohydrate chain (see also legend to Fig. 14) . Also in higher antennary N-acetyllactosamine type structures Fuc may occur in n(1+3) linkage to one or more peripheral GlcNAc residues. The 360-MHz 1H-NMR features of tn-and tetra--antennary glycopeptides bearing a Fuc a(i3) linked to GlcNAc-7 (classes BF and CF, see . In 500-MHz 1H-NMR spectra the set of H-2 resonance patterns is already that characteristic that the type of antennary structure can be recognized. This is illustrated both for glycopeptides and for oligosaccharides ending on GlcNAc-2, in Fig. 16 .
Oligomannoside type glycopeptides and oligosaccharides derived from N-glycoproteins 500-MHz iH_NMR spectroscopy gave a real breakthrough in the NMR analysis of glycopeptides and oligosaccharides of the oligomannoside type of N-glycosidically linked carbohydrate chains. A complete assignment of all structural reporter groups for structures containing up to nine Man residues could be achieved, as will be published elsewhere. The NMR study of such compounds is hampered by the similarity of the constituting units. Only the H-i and H-2 resonances of each of the Man residues serve as markers for the primary structure.
Obviously this demands for a very high spectral resolution. Crucial features for the spectral assignments for this type of carbohydrate structures are the parameters of the structural reporter groups and also the influences of a(i+2) linked Man residues, as well as the manifestation of the second branching point which is a Man residue substituted in the same way as Man-3. Table 6 . Extension of compound 20 with a Man residue n(i2) linked to Man-4 affords compound 21. The structure of this tetrasaccharide and its 500-MHz iH_NMR spectrum are presented in Fig. 17 . The NMR parameters of compound 21 are summarized in Table 6 group signals of Man-4 undergo downfield shifts upon the attachment of Man-C to Man-4 at C-2 (see Table 6 ). Furthemore, they are considerably broadened. It should be emphasized that the chemical shifts of the N-acetyl singlets of GlcNAc-2 in n-and 6-form of this tetrasaccharide are characteristic for oligosaccharides containing a mono-ct(1--3) substituted Man-3 (cf. the difference in chemical shift between the N-acetyl signals of GlcNAc-2 for upper and lower branch mono-antennary glycopeptides: compounds 14 and 16 vs. 15, see Table 5 ). The structure of compound 22, being a glyco-asparagine possessing the second branching point, together with its 500-MHz i-NMR spectrum is presented in Fig. 18 . Its NMR data are given in Table 6 . For the interpretation of the spectrum the NMR data of compound 13 (Table 5) have been utilized as a reference. The structural reporter group signals of the terminal cx(1--6) linked Man-B occupy the same positions as those stemming from Man-4' in compound 13 ( Fig. 13) .
Owing to the attachment of (Man-A in cs (13)) and Man-B in a(i+6) linkage to Man-4', H-i of the latter residue undergoes an upfield shift. A similar shift is observed going from a tnto a tetra-antennary N-acetyllactosamine structure upon introduction of the fourth branch at Man-4' (cf. The relative intensity scale of the insertion with the N-acetyl proton region differs from that of the other parts of the spectrum as indicated. respectively.
-
The results obtained so far demonstrate that high-resolution H-NMR spectroscopy is excellently suited for the recognition of N-glycosidically linked carbohydrate chains of the N-acetyllactosamine type as well as of the oligomannoside type. Therefore it can be expected that also chains of the hybrid type can be completely identified by this technique.
Mucin type oligosaccharide-alditols derived from O-glycoproteins The family of O-glycosidically linked carbohydrate chains of glycoproteins comprises a large variety of structures. Recently we had the opportunity to investigate several representatives of this type of compounds by 500-MHz 'H-NMR spectroscopy. A few examples of oligosaccharide--alditols derived from the mucin type of O-glycoproteins will be given. A simple element often occurring in these carbohydrate chains is compound 23. Its structure and resolution enhanced 500-MHz 1H-NMR spectrum are shown in Fig. 19 . The chemical shifts of the structural reporter groups of compound 23 are summarized in Table 7 . It should be noted . The strong magnetic field of a 500-MHz NMR spectrometer gives rise to a nearly first order spectrum of the disaccharide-alditol 23, that could be easily interpreted in full detail (see Fig. 19 ). Neuraminic acid bearing an ]V-glycolyl group in stead of an N-acetyl group frequently occurs in the carbohydrate chains of mucin glycoproteins. The 360-MHz 1H-NMR spectrum of a trisaccharide-alditol containing NeuGi (compound 24) has been published previously (Ref. 26) . The structure and 500-MHz 1H-NMR spectrum of compound 24 are presented in Fig. 20 . Relevant NMR parameters of this oligosaccharide-alditol are given in Table 7 . An impressive improvement in spectral resolution could be obtained; e.g., the patterns of the H-2 and H-5 resonances of Ga1NAc-ol were similar at 360 MHz, but are now strikingly different. The H-i doublet of the terminal s-linked Gal residue is found at ci = 4.477 ppm, which is in accordance with the resonance positions of the corresponding protons in the NMR spectrum of compound I (Table 1) .
However, this is not necessarily the case for all s-linked terminal Gal residues (unpublished results).
Obviously substitution at Gl affects more or less the parameters of its H-i doublet as illustrated in the 500-MHz H-NMR spectrum of compound 25 (Fig. 21) . The chemical shifts of the structural reporter groups of the bisialo tetrasaccharide-alditol 25 are compiled in Table 7 . Recently the 360-MHz 1H-NMR features of this compound have been described (Ref. Table 7 ).
In O-glycosidically linked carbohydrate chains Gal may also be substituted at C-4, like in compound 26. The structure and 500-MHz 1H-NMR spectrum of the trisaccharide-alditol 26 are presented in Fig 22. The NMR parameters of this compound are given in oligosaccharide-alditols will be published elsewhere. A new structural reporter group is H-i of GlcNAc which resonates at = 4.869 ppm, its coupling constant J12 (= 4.0 Hz) being indicative of an ct-glycosidic linkage. The H-5 signal of this G1cNAc residue can be clearly recognized in the spectrum, although it is interwoven with that of H-S of Ga1NAc-ol. The introduction of G1cNAc ct(i-*4) linked to Gal causes typical shift increments of the structural reporter group resonances of Gal in comparison to compound 24. In particular the position of the H-4 virtual doublet of Gal reflects this substitution. The application of 500-MHz 1H-NMR spectroscopy to relatively simple representatives of the O-glycosidically linked type of carbohydrate chains has opened the field for the extension to nore complex structures. 
CONCLUDING REMARKS
1. 500-MHz 1H-NMR spectroscopy of samples of glycopeptides, oligosaccharides and oligosaccharide-alditols derived from glycoproteins turned out to be far superior to earlier NMR investigations at lower magnetic field strengths. Owing to the cooperativity of the stronger magnetic field and the computer resolution enhancement routine, a more precise determination of the chemical shifts of structural reporter groups could be obtained and more details of the splitting patterns of their signals were discovered. The better insight in the spectral dispersion made the assignment of more structural reporter groups possible. 2. The analysis of reducing oligosaccharides showed that the anomeric configuration of the reducing end sugar also exerts its influence on the spectral parameters of residues in its spatial neighbourhood, being sometimes even the non-reducing end sugars. Obviously the NMR spectrum is a superposition of the subspectra of the different anomeric forms of the oligosaccharide. 3. The gain in spectral resolution as well as in sensitivity enabled the structure elucidation of minor constituents in samples, which were earlier considered as unidentifiable contaminants. In other words 500-MHz 1H-NMR spectroscopy can disclose (micro)heterogeneity in samples which can hardly be traced along other routes. 4. A further application can be found in the study of enzyme specificities. This is highly relevant for the unraveling of the sequence of sugar attachment in the biosynthesis of glycoconjugates (cf. Ref. 15 ). On the other hand product analysis of oligosaccharides and glycopeptides, excreted by patients with inborn errors of metabolism, might give a clue to enzyme deficiencies in the catabolism of glycoconjugates of these patients. 5. This study is only the first exploration of the potencies of 500-MHz 1H-NMR spectroscopy.
In conjunction with modern pulsed NMR techniques it might be expected that besides new primary structure information, insight can be obtained in the spatial arrangement and conformational freedom of the residues in the carbohydrate chain. EXPERIMENTAL Samples of carbohydrate structures, dealt with in this paper, stem from a wide variety of glycoproteins, and were isolated by several research groups (Prof. J. Montreuil, Lille, France; Prof. K. Schmid, Boston, USA; Prof. P. Jollès, Paris, France; Prof. V. Derevitskaya, Moscow, USSR and Prof. D. Aminoff, Ann Arbor, USA) and generously supplied for NMR investigation. Solutions of glycopeptides, oligosaccharides or oligosaccharide-alditols in D20 were adjusted to pD 7, if necessary. Deuterium-exchanged samples were prepared by a five-fold lyophilization of the solution, finally using 99.96 atom% deuterated D20 (Aldrich) . For NMR spectral analysis, in general 0.1 to 3.0 mM solutions of the compounds in 0.4 mL D20 were used.
The 500-MHz H-NMR spectra were recorded on a Bruker WM-500 spectrometer, operating in the pulsed Fourier transform mode, and equipped with a Bruker Aspect 2000 computer with 32k memory capacity. The D-resonance of D20 was used as field frequency lock signal. The spectra were taken up in 16k memory with an acquisition time of 3.28 sec and a spectral width of 2 times 2.5 kHz. Resolution enhancement was achieved by Lorentzian to Gaussian transformation from quadrature phase detection, followed by employment of a 32k point complex Fourier transformation. In general a few hundreds of acquisitions for each sample were accumulated. The indicated probe temperature was 300 K and was kept constant within 0. 
